Abstract
There are two generations of FACTS controllers, of which the first generation devices are based on convectional thyristor [8] .
FACTS devices are modelled for power flows and incorporated in existing power flow. In [9] UPFC is modelled as a series reactance along with power injections made at the end of the reactance. In this model the voltage magnitude and phase angle must be manually adjusted so as to go with the intended power flow. In [10] a very simple model of UPFC is presented which works only when the control parameters voltage magnitude and power flows are controlled concurrently. In [11] [12] FACTS controllers are modelled such that they are easily incorporated in the existing Newton Raphson power flow by modifying the Jacobian matrix. The advantages of this method are getting a robust iterative solution which converges very quickly and the parameters are independently controlled.
In this paper, case studies are carried out to analyse the performance of FACTS devices during variable loading and contingency conditions. The performance of FACTS devices to improve the transmission line voltage is also analysed. 
Modelling of FACTS Devices
FACTS devices are modelled as state variables and incorporated in the actual load flow. The detailed modelling and the corresponding equations are discussed in this section.
Modelling of STATCOM
STATCOM comprises of series connection of voltage sourced converter (VSC) and a tap changing transformer whose primary is connected in shunt with the ac system [13] . The circuit diagram of STATCOM is shown in Fig. 1 . STATCOM is represented by a synchronous voltage source with maximum and minimum voltage limits. The equivalent circuit shown in Fig. 2 is used to derive the mathematical model of the controller for inclusion in power flow algorithm [14] . 
Here voltage magnitude V νR and phase angle δ νR are taken as state variables. 
Modelling of UPFC
UPFC comprises of two voltage source converters(VSCs) one connected in series and the other connected in shunt with the line, sharing a common capacitor. The series converter injects an AC voltage in to the line with controllable magnitude and phase angle in series with the transmission line via a series connected coupling transformer [16] . The shunt converter generate or absorbs reactive power and independently provide compensation for the line. The basic model of UPFC is given in Fig. 3 . The equivalent circuit shown in Fig. 4 is used to derive the mathematical model of the controller for the purpose of steady state analysis [16] . 
Power flow equations of UPFC
The UPFC voltage source equations are given by [16] 
Let us consider that an UPFC is connected between bus k and bus m. From Fig. 3 the active and reactive power equations at the converter, bus k and bus m are given by [16] If the converter valves are loss less, then the active power supplied to the shunt converter P νR equals to the active power demanded by the series converter P cR [16] . Steps for solving load flow analysis using NR method [19] 1. Specify the bas data, line data and FACTS device data. Formulate the Ybus matrix. 2. Specify the initial voltage the generator buses and load buses.
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(15) (18) 3. Now incorporate the FACTS device at the desired location. 4. Calculate the P at PV buses and PQ buses. Calculate Q at PQ buses. 5. Calculate the power mismatches and also calculate the Jacobian matrix elements. 6. Compute the new voltage magnitudes and phase angles until the residuals are less than desired accuracy.
Performance analysis of FACTS devices under Base Load condition
Load flow analysis without FACTS devices is carried out and the voltage magnitudes, phase angles , power loss and power generations in 5 bus system are furnished in column 3 of Table 1 . The given results are treated as base case values of standard 5 bus system. From the table it is observed that the voltages at the load buses (0.987, 0.984, 0.971) are not in tolerable limits and the power loss is also high (3.64 % of total load).
Voltage profile improvement with FACTS devices
FACTS devices absorbs or injects reactive power from/ into the system and maintains the voltage magnitude to the desired level [15] . Improvement of voltage magnitude by incorporating STATCOM at different locations is analysed for the two test systems and the results are given in Tables 1 and 2 respectively. For instance, In standard 5 bus test system the STATCOM is incorporated at bus 4, and it is observed that the voltage magnitude at the bus is improved to 1.00 p.u. (from 0.984p.u.), by injecting a reactive power of 25.32 MVAr in to the system. It is also observed that the voltage profile of buses 3 and 5 are improved by 1.2 % and 0.6 % from the base case respectively. This shows that the STATCOM has the ability to improve the voltage profile of the nearby buses also. Similarly the performance of STATCOM by incorporating at buses 3 and 5 is analysed and the results are given in Table 1 .
A similar case study is performed on IEEE 30 bus system by incorporating STATCOM at buses 21, 22 and 24. For instance, consider STATCOM is placed at bus 21. It is observed that the voltage magnitude at the bus is improved to 1.00 p.u. from a base value of 0.96 p.u. and the voltage at the other buses is also improved. Results are furnished in Table 2 . The voltage profile without and with STATCOM at bus 21 is shown in Fig. 5 . From the results it is inferred that STATCOM helps in providing a smoother control over a wide range.
UPFC is a combined series-shunt controller which helps in improving both power flows and voltage profile [16] . Table 1 . UPFC is placed in line 21-22 of the IEEE 30 bus system and the voltage profile is plotted in Fig. 6 . It is observed that the voltage at the bus 21 is improved from 0.96 p.u. to 0.995 p.u. and the voltage at the other buses is also improved significantly. From the above analysis it is inferred that location of FACTS devices plays a key role in improvement of voltage profile. 
Power Flow Analysis with FACTS devices
STATCOM is incorporated at various buses and the power flows in the lines are observed. In standard 5 bus test system, when the STATCOM is placed at bus 3 the reactive power carried by lines 1-3 & 2-3 is reduced and line 3-4 carries more reactive power compared to base case. This is because the STATCOM supplies the reactive power required by the load and reduces reactive power burden on the generators. This is shown in Column 4 of Table 1 . It is observed that the generator at the slack bus reduces its generation and the generator at bus 2 absorbs more reactive power compared to base case. Similarly when the STATCOM is placed at buses 4 & 5, the power flows and power generations are obtained and given in Table 1 . The active and reactive power loss by incorporating STATCOM at various locations are calculated and shown in Row number 4 of Table 1 . When STATCOM is placed at bus 3 the active power loss is reduced by 1.08 % compared to base case and it is increased by 0.96 % when placed at bus 5. It indicates that the losses of the system are reduced only when proper location is chosen. The reactive power loss is reduced in all the cases as the STATCOM supplies the required reactive power and reduces burden on the sources.
The active and reactive power loss when STATCOM is placed at buses 21, 22 and 24 of IEEE 30 bus system are given in Table 2 . From the table it is inferred that the losses are reduced significantly when STATCOM is placed at bus 21.
The active and reactive power flows with UPFC in line 3-4 and line 4-5 are observed by running the load flow. For instance, consider UPFC is placed in line 3-4 and it is observed that the active power flow is increased from 19.38 MW to 29.07 MW and the reactive power in the line is reduced to 2.0 MVAr from 2.86 MVAr. This shows that UPFC has ability to control both active and reactive powers simultaneously in a line. The power flows in the lines are improved significantly when UPFC is placed in test system.
The active and reactive power losses with UPFC at locations 3-4 and 4-5 are given in Table 1 . From the table it is inferred that the active power loss of the system will change accordingly with amount of power to be transferred through a line and also with the location of the FACTS device. For instance, consider the UPFC is placed in line 3-4 and the power flow is increased in the line by 150 % of actual. UPFC controls the power as desired in the line, but the losses are proportionately increased. Similarly when UPFC is placed in line 4-5 the losses are decreased. The reactive power losses are decreased in both the cases with incorporation of UPFC in the line. This shows that with optimal location of FACTS device the losses in the system can be minimized.
The active and reactive power generations with UPFC are also shown in Table 1 . UPFC is incorporated in lines 3-4 and 4-5 separately and the analysis is done. It is inferred that there is no significant change in real power generations when UPFC is placed in the lines. But the reactive power generation at the slack bus is decreased and the generator at bus 2 absorbs more reactive power compared to base case. This is because the shunt converter of UPFC generates reactive power and reduces burden on the generators. Here the series converter remains inactive.
The active and reactive power loss when UPFC is placed in the lines 21-22 and 24-25 of IEEE 30 bus test system are given in Table 3 . It is observed that the power loss is reduced with proper control of power in the lines. 
Operating Modes of FACTS devices corresponding to specified voltage
The main purpose of the shunt converter is to maintain the desired voltage magnitude at the bus at which it is connected by injecting (absorbing) reactive power in to the bus. If the converter voltage magnitude is less than the source voltage then the converter will be in inductive mode. In this mode the converter absorbs reactive power from the system. If the converter voltage is greater than source voltage then it will be in capacitive mode and it injects reactive power into the system.
Depending upon the voltage to be maintained at a bus the STATCOM generates (or absorbs) reactive power into the system. Here an analysis is carried out to differentiate the modes of operation with respect to specified voltage. The STATCOM is placed at bus 4 and the specified voltage V spec is varied from a value less than base voltage to a value above base voltage. It is observed that if the STATCOM has to maintain a voltage less than base case, it operates in inductive mode (Ind) and if the device has to maintain a value greater than base case it operates in capacitive mode (Cap). When system voltage is to be maintained at base value the STATCOM stays inoperative (Inop). If the source voltage is less than the converter voltage (V vr ) then the STATCOM operates in inductive mode and if the source voltage is greater than the converter voltage (V vr ) then the STATCOM operates in capacitive mode. The obtained results are furnished in column 2 of Table 4 . STATCOM is also placed at buses 3 & 5 and the characteristics between Reactive power generated (absorbed) by STATCOM (Q s ) vs. specified voltage (V sp ) are plotted in Fig. 7 . Another graph between converter voltage (V vr ) vs. specified voltage (V sp ) is shown in Fig. 8 .
In IEEE 30 bus test system the STATCOM is placed at bus 21 and the characteristics of specified voltage (V sp ) vs. Reactive power (Q s ) and converter voltage (V vr ) are given in column 3 of Table 4 . The characteristics of specified voltage (V sp ) vs. Reactive power (Q s ) when STATCOM is placed at buses 21 and 24 are plotted in Fig. 7 . Similarly the plot between specified voltage (V sp ) vs. converter voltage (V vr ) is shown in Fig. 8 . The inductive and capacitive modes of STATCOM are clearly observed from the figures. The relation between source voltage and converter voltage with change in modes is also observed. In inductive mode converter voltage is less than the specified voltage and in capacitive mode the converter voltage is greater than specified voltage.
In the designed UPFC model, the shunt converter helps in providing reactive power support and thus maintains the voltage profile at desired level. The performance of shunt converter for UPFC is analysed by placing in line 3-4 of standard 5 bus test system. Here it is observed that converter voltage changes corresponds to specified voltage and its operation in both inductive and capacitive modes are observed. The obtained results are given in Table 4 . Now UPFC is placed in line 21-22 of IEEE 30 bus system and the operating modes of shunt converter are given in column 4 of Table 4 . It is observed that if the voltage specified (V sp ) is less than the base voltage then the converter absorbs reactive power from the system. Here the converter voltage (V vr ) is less than the voltage specified. If the voltage specified is greater than the base voltage the converter injects reactive power in to the system. Here converter voltage is greater than the voltage specified is observed. 
Performance analysis of FACTS devices under increased loading condition
As the increasing demand on existing power system is a most common issue, a case study by increasing the load at a particular bus to 150 % of base case is carried out on a standard 5 bus system without and with STATCOM. Here the effectiveness of the above said device is observed in terms of voltage profile and power loss.
Voltage profile improvement with STATCOM
In this case, the load at bus 3 is increased to 150 % of the actual value and the load flow analysis is done. It is observed that the voltages at the buses are still reduced compared to the base case. Now STATCOM is incorporated at bus 3 and the analysis is repeated. It is seen that the voltage at bus 3 is raised to 1.00 p.u. and the voltages at the other load buses 4 & 5 are increased by 1.74 % and 0.61 % respectively. This shows that if the STATCOM is properly designed to meet the requirements it works effectively even under heavy load conditions. To test the effectiveness of the device, similar analysis has been carried out at the other load buses 4 and 5 by incorporating STATCOM at these locations. The analysis is given in column 3 of Table 5 .
Power Flow Analysis with STATCOM
In the analysis as said above it is observed commonly in all the cases that the power loss is increased significantly depending on the loading at the bus. When STATCOM is placed at bus 3 the active power loss is reduced by 2.5 % . Conversely when the STATCOM is placed at bus 5 the power loss is increased to 0.73 %. The total reactive power loss is decreased in all the locations with STATCOM. Consider the case when STATCOM is placed at bus 3, the reactive power loss is reduced by 16 .8% where as it is reduced by 15.47 % when placed at bus 3. This shows that the location of FACTS device has much significance in reducing the system losses. The numerical with respect to this analysis are given in column 3 of Table 5 .
Analysis of FACTS devices under single line contingency
Contingency analysis is very important step in planning studies for a power system engineer [17] . It is essential to predict the heavy loads and emergencies which occur in a power system such that suitable action can be taken in predefined time. This analysis is carried out on the two test systems namely standard 5 bus system and IEEE 30 bus system, without and with FACTS devices. 
Voltage profile improvement with FACTS devices
Line 2-4 is removed and the system turns to contingency state. Now the power flow analysis is done and it is observed that the voltages at the buses falls under desirable limits. To overcome this STATCOM is incorporated at different load buses and the performance is observed. Under these critical circumstances also STATCOM outperforms its ability in improving the voltage profile. The analysis is tabulated in Column 4 of Table 5 .
During the above said contingency the analysis is made with incorporation of UPFC in line 3-4. As said above the voltages are below desirable limits when test system is under contingency. After the incorporation of UPFC the voltages are improved significantly and brought to desirable limits. The analysis with out and with UPFC is given in Table 6 .
Power Flow Analysis with FACTS devices
Under contingency the STATCOM is incorporated at different load buses and the power flows are observed. The power loss when STATCOM is incorporated at bus 3 is observed as lowest compared to other two locations. So this signifies the importance of choosing optimal location of FACTS device with respect to test conditions. The numerical are shown in column 4 of Table 5 .
During contingency line 2-5 is overloaded and it carries 62.73 MW which is above the desirable limit. It is also observed that lines 3-4 and 4-5 are operating under the flow limit. So by incorporating UPFC in line 3-4 the power flows through the lines are controlled and are maintained in acceptable limits. This analysis is given in Table 6 . Similar analysis is conducted on IEEE 30 bus test system by incorporating UPFC in a suitable line. Contingency is obtained in the system by removing line 4-12. Due to this power flow in lines 2-6 and 4-6 violates the flow limit. Now UPFC is placed in two different locations and performance is tested. UPFC is placed in line 4-6 and the power flow is reduced to 89 MW, but the other line 2-6 still violates the flow limit. Now UPFC is incorporated in line 5-7 and the power flow through the line is controlled. By doing this we achieve all lines operating under flow limit. It is also observed that the Power loss in the lines increases with contingency. This analysis in terms of numerical is shown in Table 7 .
Recommendations on FACTS devices Applications
Selection of FACTS devices is made based on application, location and cost of installation. FACTS devices helps in improving voltage profile, minimizing losses, increase power flows and also provide reactive power support. STATCOM and UPFC can help in improving voltage profile. But if the requirement confines to only voltage profile STATCOM is advantageous due to its low cost and less complexity than UPFC. If the application involves multiple functions like controlling real power, reactive power, phase angle and voltage profile then UPFC is best suited. Cost comparison of various FACTS controllers is given in [18] . The cost for installing an STATCOM is 50$/kVAR and the cost of UPFC is almost double the cost of STATCOM as it involves two converters. Even though the installation costs of FACTS devices is costlier profits can be achieved after a certain period. 
Conclusion
This paper emphasizes the effects of incorporating STAT-COM and UPFC in the power transmission network in terms of improvement of power flows, voltage profile and reduction in losses. The analysis is carried out on a benchmark 5 bus system and IEEE 30 bus system. With the incorporation of FACTS devices the lines can be operated near the thermal limits, voltage profile at the buses are improved and the power losses are reduced. During over load at the buses, The voltage profile of the buses are maintained at the operating limits even at over loading conditions. Even under single line contingency by incorporating UPFC in a suitable line, the power flows are controlled and are within flow limits. This analysis shows that with proper choice and optimal location of FACTS devices the power flows can be controlled in a desired manner.
